The purpose of this study was to address the association between the ataxia telangiectasia mutated (ATM) gene polymorphisms and susceptibility to DNA repair capacity (DRC) among polycyclic aromatic hydrocarbons (PAHs)-exposed workers. Polymorphisms of ATM were genotyped. DRC was determined by comet assay. Chromosomal damage was detected by cytokinesis-block micronucleus (CBMN) assay. Flow cytometry was used to detect the distributions of cell cycle. Expressions of ATM and rH2AX were determined by immunoblotting analysis. Luciferase assays were performed to determine the functional difference of ATM promoter region allele. Subjects carrying T allele of rs228589 had significantly lower DRC compared with those with AA genotype. Subjects carrying G allele of rs652311 had significantly lower DRC than those with zero copy number of haplotype CGGT. SH ataxia telangiectasia mutated (SHATM) cells had significantly lower DRC than SH green fluorescent protein (SHGFP) cells induced by bleomycin and higher CBMN frequencies treated by benzo(a)pyrene [B(a)P] than SHGFP cells. After B(a)P treatment, a decrease in the percentage of G1 phase cells was observed in SHATM cells compared with SHGFP cells, rH2AX expressions were increased in SHATM cells and SHGFP cells, but ATM expressions had no change in 16HBE-SHGFP cells and HEK-SHGFP cells. Luciferase expression was not different between rs228589T and rs228589A plasmid constructs. In conclusions, it is suggested that ATM polymorphisms are associated with DRC among PAHs-exposed workers and ATM plays key roles in repair of chromosomal damage and cell cycle control with the treatment of B(a)P.
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Sufficient epidemiological evidence has been identified to support an etiologic link between carcinogenic polycyclic aromatic hydrocarbons (PAHs) exposure and increased risk of lung cancer among PAHs-exposed workers (IARC, 2010) . PAHs were metabolized in vivo to form ultimate carcinogens that could damage DNA and chromosome to exert their mutagenic and carcinogenic functions. Studies have shown that cytokinesis-block micronucleus (CBMN) frequencies and olive tail moment (TM) were significantly higher in PAHs-exposed workers than those in control groups . The effect of chromosomal aberrations and sister chromatid exchanges was significantly increased in the PAHs-exposed groups compared with those in control groups (Kalina et al., 1998) . PAHs-exposed workers had significantly increased frequencies of nuclear buds and nucleoplasmic bridges in peripheral blood lymphocytes in comparison with non-PAHsexposed workers .
Although the dose of ultimate carcinogens was determined mainly by a line of enzymes such as cytochrome P450 1A1 and 2E1, microsomal epoxide hydrolase, glutathione S-transferase, and uridine diphosphoglucuronosyltransferase, DNA repair capacity (DRC) played an essential role in maintaining the genomic stability and normal function of cells. The deficiency or reduction of DRC could not sufficiently remove the widest variety of damage to the human genome, including UV-induced photoproducts, bulky monoadducts, DNA-DNA and DNAprotein cross-links, and oxidative damage immediately. Thereby, the cancer risk of individuals increased. At the extreme end of this spectrum are patients with xeroderma pigmentosum, who have a defect in nucleotide excision repair and show a 1000-fold increase in risk of skin cancer (Spitz et al., 2001) .
Several studies have shown that a reduced DRC was correlated with exposures to certain chemicals. Au, Lane, et al. (1995) reported that subjects exposed to uranium had lower DRC in comparison with control groups in the challenge assay with x-ray. Farmers exposed to mixed pesticides showed a reduced DRC compared with control groups (Au et al., 1999) . Workers exposed to butadiene had higher frequencies of aberrant cells, chromatid breaks, deletions, and dicentrics than the controls in challenge assay, suggesting that exposure to butadiene caused DRC deficiencies (Au, Bechtold, et al. 1995) . Cebulska-Wasilewska et al. evaluated the influence of exposure to PAHs on the susceptibility of lymphocytes to DNA-damage induction and on their repair capacity. Their results showed that occupational exposure to PAHs significantly reduced the cellular capacity to repair the DNA damage induced by a challenging treatment (Cebulska-Wasilewska et al., 2005) . Cheng et al. (2009) reported that PAHs-exposed workers had significantly reduced DRC compared with nonPAHs-exposed workers. However, subjects with the similar environmental exposures had differently reduced DRC, which suggested that there was interindividual susceptibility.
The ataxia telangiectasia mutated (ATM) gene, mutated in the recessive cancer-prone disease ataxia telangiectasia (AT), encodes a 3056-amino acid protein kinase with about 350,000 Da, which plays key roles in the recognition and repair of DNA double-strand breaks and cell cycle control. Experimental studies indicated that ATM mutant A-T cells had a significantly increased rate of doublestrand breaks induced by ionizing radiation (Gutierrez-Enriquez et al., 2004) . Fan et al. (2007) observed that the association between high DRC levels and high expression levels of protein induced by benzo[a]pyrene diol epoxide-adducts was statistically significant for ATM in a multivariate general linear regression model with adjustment for age, sex, blastogenic rate, and cell storage duration (p ¼ 0.03). Epidemiological studies showed that single-nucleotide polymorphisms (SNPs) of ATM gene were associated with cancer risk. For example, the homozygous variant genotype of rs227060 was associated with an increased risk of non-small-cell lung cancer with odds ratio (OR) of 1.55 (95% confidence interval [CI] 1.02-2.35) (Yang et al., 2007) . Subjects with the A allele at the site (IVS62þ60G>A) have significantly higher risk of lung cancer than those with the G allele (OR ¼ 1.6, 95% CI 1.1-2.1) (Kim et al., 2006) . The variant allele of ATM 5557G>A (D1853N) was associated with an increased risk of hereditary breast cancer among Chilean population (OR ¼ 2.52, p ¼ 0.008) (Tapia et al., 2008) .
Therefore, we hypothesized that SNPs of ATM gene might be related to the susceptibility of DRC among population occupationally exposed to PAHs. However, it is well known to us that no published papers have explored the relationships between genotypes of ATM and the DRC induced by occupational exposure to PAHs. In this study, we genotyped ATM at loci rs228589, rs189037, rs227060, and rs652311 to investigate their relationships with DRC among 94 PAHs-exposed workers and 61 non-PAHs-exposed workers and explored the potential molecular mechanism of susceptible difference further.
MATERIALS AND METHODS
Study subjects. This study was approved by the Research Ethic Committee of the National Institute for Occupational Health and Poison Control, Chinese Centre for Disease Control and Prevention. The recruitment of occupationally PAHs-exposed workers and non-PAHs-exposed workers has been described elsewhere . In brief, all study subjects were employed in a steel company in Northeast China. Employees (n ¼ 94) working in the same coking plant, who had been exposed to coke oven emission regularly and had been employed for at least half year, were recruited into this study as the PAHsexposed group. Sixty-one staffs working in the ore dressing plant located 9 km far away from the factory area, who obviously had no occupational exposure to PAHs and other toxicants, were recruited as the unexposed controls. Detailed data on sex, age, smoking status, alcohol consumption, and duration of occupational exposure were obtained using standardized questionnaires after subjects provided their written informed consent to participate in this study. The definition of cigarette smoke and drinking was described previously . Finally, 15 ml of 4-day shift-end urine and 4 ml of venous blood were collected from each subject.
PAHs exposure information. The excretion of urinary 1-hydroxypyrene (1-OHP) as the internal dose of personal recent PAHs exposure was measured by high-performance liquid chromatography as described previously (Li et al., 2003) . Measurements below the limit of detection (LOD) were replaced with LOD= ffiffi ffi 2 p before statistical analysis. The valid urinary 1-OHP concentrations were presented as micrograms per liter urine specific gravity.
Lymphocyte isolation and treatment. Approximately 2.5 ml of blood from each subject was drawn into heparinized tubes. Mononuclear cells containing 85% lymphocytes were isolated from the whole blood using Histopaque gradient centrifuge method. The purified lymphocytes were suspended in RPMI 1640 supplemented with 2 mmol/l of L-glutamine, 10% fetal bovine serum (FBS), 2% phytohemagglutinin, and 100 U/ml of penicillin and 100 lg/ml of streptomycin, then adjusted to a concentration of 1 3 10 5 cells/ml, at last cultured for 20 h at 37°C in 5% CO 2 .
The cells were cultured for 20 h in 5% CO 2 at 37°C and subsequently treated with 8 lg/ml of bleomycin (BLM) for 30 min. After centrifugation, the cell pellet was processed for microgel electrophoresis to determine sensitivity to mutagens. Cells that were treated identically except for BLM treatment were used as controls. To measure DRC, the cells were additionally incubated in RPMI 1640 at 37°C for 45 min before being subjected to the microgel assay. The optimal conditions for BLM treatment and for testing DRC were described previously .
Alkaline single-cell microgel electrophoresis (comet) assay. The assay was performed essentially as described previously elsewhere . Slides were examined with Olympus IX 50 microscope equipped with a 100-W mercury lamp and WG filter block. Measurements were made using an image analysis system (version 1.0, IMI comet analysis software, China). The results are expressed as olive TM. TM was determined for 50 randomly selected cells per slide, with two parallel slides per data point. The methods of DRC calculation were applied in accordance with our previous paper. In detail, three TMs were measured, including TM 1 as TM of cells before BLM treatment, TM 2 as TM of cells at the end of 30-min BLM treatment, and TM 3 as TM at the end of 45-min repair. DRC was defined as the percentage of repaired DNA damage caused by BLM in the 45-min incubation period, which is calculated by the following equation,
Genotyping. DNA was extracted from whole peripheral blood samples using a standard method (Miller et al., 1988) . The genotypes of the four SNPs among 155 subjects were determined by PCR, using a restriction fragment length polymorphism method . The primers for analyzing these four SNPs were designed by a program of PCR-primer-introduced restriction analysis. Ten percent of the DNA samples were genotyped for a second time for quality control, and the concordance was 100%.
Establishment of cell line. Lentiviral plasmid pLKO.p-ATM that targets human ATM gene was generously provided by Dr William C. Hahn (Dana Farber Cancer Institute, Boston, MA). SH ataxia telangiectasia mutated 100 WANG ET AL.
(SHATM) and control SH green fluorescent protein (SHGFP) constructs were introduced into human bronchial epithelial (16HBE) cell lines expressing large T, human telomerase catalytic subunit (hTERT) using lentiviruses to generate the cell lines, 16HBE-SHATM cells (ATM gene silenced by small interfering RNA) and 16HBE-SHGFP cells (human bronchial epithelial cell containing control vector). Cells were maintained in minimum essential medium (MEM) supplemented with 10% FBS and 2 mmol/l of L-glutamine. HEK-SHGFP cells (human embryonic kidney cell containing control vector) and HEK-SHATM cells (ATM gene silenced by small interfering RNA) were maintained in MEMa medium supplemented with 10% FBS. The interfering effect of ATM was identified by immunoblotting analysis (Figs. 1A and 1B).
DRC assay in ATM-deficient cells. Cells were cultured in 6-well plates (5 3 10 5 /well) at 37°C, and each well was triplicate. Until cells were cultured to 80-90% confluence, a BLM dose of 10 lg/ml with treatment for 30 min was used to induce DNA damage and a repair time of 45 min. Cells were digested with trypsin and harvested to perform alkaline single-cell microgel electrophoresis assay . Cells that were treated identically except for BLM treatment were used as controls. The methods of DRC calculation were described in the beginning of this paper.
CBMN assay. Cells were cultured in 6-well plates (5 3 10 4 /well) at 37°C overnight and then induced or uninduced by 1 lmol/l of benzo(a)pyrene [B(a)P] for 48 h (Pang et al., 2008) . After 48 h induction, cells were treated or untreated with B(a)P at various concentrations of 1-8 lmol/l for 24 h. After 24 h treatment, the medium was replaced with fresh medium containing 1.5 lg/ ml of cytochalasin-B. Cultured for a further 24 h, cells were dissociated with trypsin and washed with phosphate-buffered saline, then transferred directly to a glass slide using a Shandon Cytospin 4 Cytocentrifuge (Thermo Electron Corp., Pittsburgh, PA). The slides were air-dried for 10 min, fixed in absolute ethanol for 10 min, and stained using Giemsa (Sigma). One thousand binucleated cells were analyzed on duplicate slides for the evaluation of micronuclei incidence (Fenech, 2007) .
Cell cycle analysis. Cells were seeded in 6-well plates (2 3 10 5 /well) at 37°C overnight and then induced or uninduced by 1 lmol/l of B(a)P for 48 h. After 48 h, cells were starved with serum-free culture medium for 24 h and then were treated or untreated with 4 lmol/l of B(a)P for 48 h. The cells were harvested and fixed with 70% ice-cold ethanol overnight at 4°C. The fixed cells were incubated with 100 lg/ml of RNase A for 30 min at 37°C and stained with 100 lg/ml of propidium iodide for 40 min on ice in dark. The DNA content was analyzed by flow cytometry (COULTER-EPICS XL). All experiments were repeated for three times and each sample had two parallels.
Immunoblotting analysis. Cells were seeded in 100-mm plates (8 3 10 5 / plate) at 37°C overnight and then induced or uninduced by 1 lmol/l of B(a)P for 48 h. After 48 h, cells were treated or untreated with 8 lmol/l of B(a)P for 24 h. The cells were scraped and lysed in cell lysis buffer (50mM Tris [pH 7.4], 150mM NaCl, 1% Nonidet P-40, 1% SDS, 0.5% deoxycholate, 2mM EDTA [pH 8.0], protease inhibitor, and phosphatase inhibitor) on ice for 30 min. Soluble proteins (50 lg) were subjected to 6-15% SDS-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membrane. The membranes were then blocked by incubation in 5% nonfat dry milk in Tris-buffered saline for 1 h at room temperature. The blots were probed with primary antibodies overnight at 4°C, and bands were detected using secondary antibodies conjugated with horseradish peroxidase and a chemiluminescence detection system (Santa Cruz Biotechnology, Santa Cruz, CA). Antibodies used included glyceraldehyde 3-phosphate dehydrogenase mouse monoclonal antibody (mAb; Sigma), ATM DMSO] ), respectively. Similarly, Increased expressions of rH2AX were observed in both HEK-SHATM cells and HEK-SHGFP cells induced by 8 lM of B(a)P for 24 h, compared with the corresponding solvent control group, respectively (E). Increased expressions of rH2AX were observed in both 16HBE-SHATM cells and 16HBE-SHGFP cells induced by 8 lM of B(a)P for 24 h, compared with the corresponding solvent control group, respectively (F). All experiments were repeated for three times.
ATM GENE POLYMORPHISM AND DNA REPAIR CAPACITY rabbit mAb, and phospho-histone H2AX (Ser139) (rH2AX) rabbit mAb (Cell Signaling Technology, Inc.). All experiments were repeated for three times.
Plasmid construction. The ATM rs228589A and rs228589T allelic reporter constructs were prepared by amplifying the 1614-bp ATM promoter region (from À1428 bp to þ186 bp relative to the transcriptional start site) and were subsequently cloned into an appropriately digested pGL3-Basic vector (Promega) containing the firefly luciferase gene as a reporter. The primers were 5#-GGCAGCTAGCCAGATGCTTGCCATTTACTT-3# and 5#-TATACTC-GAGAGGACAGACTGGGTCGCACA-3#, which included the NheI and XhoI restriction sites (underlined sequences). Restriction analysis and complete DNA sequencing confirmed the authenticity and integrity of each construct.
Transient transfection and luciferase assays. 16HBE, MRC-5, and CCC-HPF-1 cells (5 3 10 4 cells) were plated in 24-well plates and grown to 80-90% confluence, then cotransfected with 100 ng of reporter plasmid and 4 ng of pRL-SV40 (Promega) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The pRL-SV40 plasmid containing Renilla reniformis luciferase was used to standardize transfection efficiency. Luciferase activity was analyzed at 24 h after transfection, using a Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. For each plasmid construct, four independent transfection experiments were done, and each experiment was performed in triplicate. The fold increase was calculated by defining the activity of empty pGL3-Basic vector as a value of 1.
Statistical methods. We performed Student's t-tests to evaluate age, lntransformed urinary 1-OHP, and DRC between exposure group and controls. The Student's t-test was also applied to analyze the difference of reporter gene expression between rs228589A and rs228589T allele. The chi-square test was used to estimate the difference in the frequencies of current smokers and alcohol consumers between these two study populations. The goodness-of-fit chi-square test was used to determine whether the allele frequencies were in Hardy-Weinberg equilibrium. The PHASE program using Bayesian methods with Markov chain Monte Carlo algorithm was used to construct haplotypes (Stephens and Donnelly, 2003) . Haplotype and haplotype pairs were combined based on haplotype information. The univariate analysis of covariance model was applied to analyze the associations between DRC and genotypes and haplotype and haplotype pairs with adjustment for urinary 1-OHP levels, age, and smoking status. The significance of difference in DRC, levels of chromosomal damage, and cell cycle change between SHATM cells and SHGFP cells were determined with one-factor analysis of variance and Student's t-test. The p value of less than 0.05 was considered to be statistically significant. All statistical tests were two sided and performed with Statistical Package for Social Science V.12.0 (SPSS, Chicago, IL).
RESULTS

Characteristics of the Study Population
The demographic data for these two groups of people have been described in detail previously . In brief, the distributions of age, sex, the percentage of current smokers, and drinking were not significantly different between these two groups. The geometric mean of urinary 1-OHP was significantly higher in PAHs-exposed workers (9.0 lg/l, 95% CI 6.8-11.7 lg/l) than that in non-PAHs-exposed workers (1.5 lg/l, 95% CI 1.3-1.7 lg/l). DRC (55.84 ± 16.47%) in PAHs-exposed workers was significantly lower than that (63.44 ± 18.20%, p ¼ 0.008) in control groups. No significant difference in DRC was found between smokers and nonsmokers, between alcohol user and nonalcohol user, and among <35, 35-44, and !44 years in PAHsexposed group and non-PAHs-exposed group.
ATM Genotype Distributions and DRC
The variant allele frequencies of ATM at loci rs189037, rs652311, rs228589, and rs227060 were 0.455, 0.555, 0.526, and 0.400 in the 155 subjects, respectively. The distributions of all these four SNPs were in Hardy-Weinberg equilibrium (p ¼ 0. 503, 0.652, 0.765, and 0.778, respectively) .
Univariate analysis of covariance with adjustment for urinary 1-OHP, age, and smoking status reveals that among PAHsexposed workers, subjects carrying the ATM rs228589 AT genotype had significantly lower DRC (54.39 ± 16.58%) than those with AA genotype (62.86 ± 17.44%, p ¼ 0.035); subjects with AT þ TT genotype had significantly lower DRC (54.18 ± 15.90%) than those with AA genotype (62.86 ± 17.44%, p ¼ 0.027). For the rs652311 A>G polymorphism, subjects with AG and AG þ GG genotype had significantly lower DRC (53.14 ± 14.44% and 54.38 ± 15.74%, respectively) than those with AA genotype (62.97 ± 18.55%, p ¼ 0.043 and 0.041, respectively). No such associations were observed in non-PAHs-exposed workers. There were no other associations between polymorphisms of ATM at loci rs189037 and rs227060 and DRC that were found in both PAHs-exposed workers and non-PAHsexposed workers (Table 1) .
Distribution of ATM Haplotype-Haplotype Pairs and DRC
To explore the combined effects of these four SNPs, we generated the haplotypes based on the observed genotypes among PAHs-exposed workers and non-PAHs-exposed workers; the three common (!5%) haplotype alleles (CGGT, TAAA, and CAGA) represented 88.25% of the chromosomes. We classified the studied population into three groups based on the number of CGGT, TAAA, and CAGA, respectively, and found a significantly lower DRC (53.98 ± 16.49%) with one copy number of haplotype CGGT than those (62.91 ± 16.55%) with zero copy number of haplotype CGGT with adjustment for urinary 1-OHP, age, and smoking status. No such associations were observed in non-PAHs-exposed workers. It was found that there were no significant associations between haplotype TAAA and CAGA and DRC among PAHs-exposed workers and nonPAHs-exposed workers (Table 2) .
We further examined the distribution of haplotype pairs based on the combination of the possible haplotypes. Twenty possible haplotype pairs were generated (data not shown). Univariate analysis of covariance with adjustment for urinary 1-OHP, age, and smoking status reveals that there were no significant associations between ATM gene haplotype pairs and DRC among PAHsexposed workers and non-PAHs-exposed workers (Table 2) .
Difference in DRC between SHATM Cells and SHGFP Cells Induced by Bleomycin Treatment
The difference of DRC induced by BLM treatment between SHATM cells and SHGFP cells was assessed by single-cell microgel electrophoresis assay. The results show that the DRC was significantly lower in 16HBE-SHATM cells (56.66 ± 102 WANG ET AL. 0.78%) than that in 16HBE-SHGFP cells (70.13 ± 3.82%) at 10 lg/ml of BLM treatment. Similarly, the DRC was significantly lower in HEK-SHATM cells (63.86 ± 2.17%) than that in HEK-SHGFP cells (73.90 ± 1.67%) as well (Fig. 2) .
Chromosomal Damage Measured by CBMN in SHATMDeficient Cells Treated by B(a)P
The difference of chromosome damage induced by B(a)P treatment between SHATM cells and SHGFP cells was investigated by CBMN assay. The findings indicate that the frequencies of CBMN increased in a dose-dependent manner in both 16HBE-SHATM cells and 16HBE-SHGFP cells, and the frequencies of CBMN were significantly higher in 16HBE-SHATM cells than those in 16HBE-SHGFP cells at 4 lM and 8 lM of B(a)P treatment (Fig. 3A) . Similarly, the increased frequencies of CBMN were observed in a dose-dependent manner in both HEK-SHATM cells and HEK-SHGFP cells. The frequencies of CBMN were significantly higher in HEK-SHATM cells than those in HEK-SHGFP cells at 4 lM and 8 lM of B(a)P treatment (Fig. 3B) .
B(a)P-Induced Cell Cycle Alterations in SHATM Cells and SHGFP Cells
Flow cytometry was applied to analyze the changes of cell cycle induced by B(a)P treatment in SHATM cells and SHGFP cells. The results show that a decrease in the percentage of G1 phase cells and an increase in the percentage of G2 phase cells were observed in 16HBE-SHATM cells treated with 4 lM of B(a)P for 48 h, compared with 16HBE-SHGFP cells (Table 3) . We observed a decrease in the percentage of G1 phase cells and G2 phase cells in HEK-SHATM cells, accompanied with an increase in the percentage of S phase cells at 4 lM of B(a)P treatment for 48 h in comparison with HEK-SHGFP cells (Table 3) .
B(a)P-Induced Protein Expression Alterations in SHATM Cells and SHGFP Cells
Immunoblotting analysis was used to detect the expressions of ATM and rH2AX induced by B(a)P treatment for 24 h. The results indicate that there were no significant changes of ATM expression induced by 8 lM of B(a)P treatment for 24 h in 16HBE-SHGFP cells and HEK-SHGFP cells, compared with the corresponding solvent control group, respectively (Figs. 1C and 1D) . Increased expressions of rH2AX were observed in both HEK-SHATM cells and HEK-SHGFP cells induced by 8 lM of B(a)P treatment for 24 h, compared with the corresponding solvent control group, respectively (Fig. 1E) . Similarly, increased expressions of rH2AX were observed in both 16HBE-SHATM cells and 16HBE-SHGFP cells induced by 8 lM of B(a)P treatment for 24 h, compared with the corresponding solvent control group, respectively (Fig. 1F) .
Difference of Reporter Gene Expression in ATM Gene
Promoter Region (rs228589 A>T) Variant
To test whether the allelic variation of rs228589 site in the promoter region influences the expression level of ATM, we generated reporter gene constructs in the context of the regulatory region containing rs228589 polymorphic site and transiently transfected three cell lines derived from lung tissue using this allelic variation. The difference of reporter gene expression was detected by Dual-Luciferase Reporter Gene Assay. The results show that the expression of luciferase was not significantly different between rs228589T and rs228589A in all three cell lines including 16HBE, CCC-HPF-1, and MRC-5 (data not shown).
DISCUSSION
BLM was selected as the DNA-damaging agent in consequence of its applicability in the clinical chemotherapy of breast cancer. BLM is a kind of radiomimetic drug, and its antitumor activity is linked with its ability to arrest cell division by inducing DNA single-strand breaks, DNA double-strand breaks, and apurinic/apyrimidinic sites. The biological effect of BLM is ascribed to a BLM-Fe chelate complex and demands free oxygen. The attack of BLM is directed against the sugar moieties in the DNA molecule and results in base or basepropenal release and DNA strand cleavage. Studies showed that Reference group for comparisons of DRC between genotypes.
ATM GENE POLYMORPHISM AND DNA REPAIR CAPACITY DNA damage induced by BLM is removed mostly in the course of strand recombination (Jaloszynski et al., 1997; Steighner and Povirk, 1990) . Therefore, DRC induced by bleomycin reflected mainly the capacity of double-strand break repair pathway.
There is an expanding body of evidence suggesting that genetically determined DRC modulates cancer susceptibility.
For example, it was reported that the mean DRC was significantly lower in head and neck cancer patients (8.6%) than that in the control group (12.4%, p < 0.001) (Cheng et al., 1998) . Women with breast carcinoma had a 36% reduction in DRC comparing with the control group. Participants with nonmelanoma skin cancer had a 42% lower DRC in comparison with control patients with skin cancer. Shen et al. (2003) confirmed that DRC was a biomarker for susceptibility to non-small-cell lung cancer. The overall 15.5% reduction in DRC observed in the cases compared with the controls was associated with an approximately twofold increased risk of non-small-cell lung cancer. Furthermore, their results suggested that DRC might modulate the risk of lung cancer associated with smoking (Shen et al., 2003) .
Individual DRC could be impacted by several factors such as age, sex, smoking, and drinking. Wei's study revealed that the DRC of control subjects declined with increasing age from 20 to 60 years using multiple linear regression analysis. The decline was 0.61% per year between 20 and 60 years (Wei et al., 1993) . Smoking is strongly correlated with the increased DRC levels of older subjects with basal cell carcinoma. High alcohol consumption was significantly and positively associated with DRC and accounted for 16.9% of the total variance measurements. No sex-related difference in DRC was detected among the control subjects (D'Errico et al., 1999) . Other studies found that age and smoking did not have effects on DRC (Berwick and Vineis, 2000) . In our study, we found that DRC in PAHs-exposed workers was significantly lower than that in non-PAHs-exposed workers. However, we did not observe the correlation between DRC and age, smoking, and drinking status using Pearson correlation analysis among PAHs-exposed workers and non-PAHs-exposed workers. Maybe the age in our study mainly ranged from 30 to 50 years, which did not embody the effects of age on DRC effectively. There were very few subjects smoking 30þ cigarettes per day and few high alcohol consumers in our studied population, which excluded us from validating the effects of extreme smoking and drinking on DRC. ATM GENE POLYMORPHISM AND DNA REPAIR CAPACITY The distributions of ATM at loci rs189037, rs652311, rs228589, and rs227060 were in Hardy-Weinberg equilibrium, which suggests that there was no selection bias for the subjects' enrollment in terms of genotypes. It was observed that polymorphisms of rs228589 and rs652311 could influence the DRC in PAHs-exposed workers; the haplotype analysis showed that subjects with one copy CGGT had significantly lower DRC than those with zero copy CGGT in PAHs-exposed workers, which suggests that the variant of these positions might have an effect on DRC among the population occupationally exposed to a high level of PAHs. rs228589 resides at the promoter of ATM gene. Although the functional effects of this polymorphism have not been elucidated, it is postulated that variance of rs228589 may have an effect on the activity of transcription, then affects the expression and function of ATM. Koren et al. (2006) reported that variant allele of rs228589 increased the risk of breast cancer in Jewish women, which supported our results to some extent. Perhaps variant rs228589 reduced the DRC induced by exogenous toxicants, thus causing the instability of genome and inducing cancer at last. However, in the following experiment in vitro, these two alleles did not show any significant difference in promoting the luciferase expression by luciferase reporter assay in vitro.
Studies exhibited that DRC was modulated by gene polymorphisms in cancer patients or population exposed to benzene and PAHs. Shen et al. (2006) reported that subjects with the XPD codon 312 heterozygous GA genotype had significantly higher DRC (31.1%) compared with those with the wild-type GG genotype (21.4%) among breast cancer cases. Among the lung cancer patients, subjects carrying XPD Lys/ Lys 751 common genotype had higher DRC than those with Lys/Gln heterozygotes (8.21 vs. 7.65%, p ¼ 0.10) and significantly higher DRC than those with Gln/Gln homozygotes (8.21 vs. 7.20%; p ¼ 0.041). The p value for the trend was 0.017. A similar trend (p ¼ 0.008) was evident for DRC among the cases for the XPD Asp312Asn genotypes (8.37, 7.50, and 6.84% for wild-type homozygotes, heterozygotes, and variant homozygotes, respectively). These patterns were less evident among the controls, although wild-type homozygous and heterozygous controls exhibited the most proficient DRC (Spitz et al., 2001) . The results of Chanvaivit et al. (2007) showed that subjects with XRCC1 399Arg/Gln or Gln/ Gln genotype had a lower DRC than those with 399Arg/Arg genotype among laboratory workers exposed to benzene (p < 0.01). Cheng et al. reported that subjects with XRCC1 399Arg/ Gln genotype had significantly lower DRC compared with those with 399Arg/Arg genotype among PAHs-exposed population. However, this association was observed in control groups as well .
To further understand the role of ATM in repairing DNA damage induced by B(a)P treatment, cell lines with knockdown of ATM expression by specific small interfering RNA (siRNA) were used in our study. Our results show that SHATM cells exposed to B(a)P were prone to chromosomal damage, maybe owing to that SHATM cells had decreased DRC in comparison with SHGFP cells, which was confirmed further in our DRC assessment. ATM played a pivotal role in the maintenance of genomic integrity. Previous studies have proved that ATM mutant cells are hypersensitive to radiation. The radiationinduced level of chromosome aberration frequency was significantly higher in AT cells than that in GM cells (fibroblast cell line GM0639). ATM-defective fibroblast cells had an increased chromosomal aberration frequency compared with normal cells induced by gamma rays (George et al., 2009) .
The basic cellular response to DNA damage is to arrest the cell cycle to prevent genomic instability and repair the damaged DNA. ATM protein could be activated by DNA damage and then took part in multiple biological pathways linking the recognition and repair of DNA double-strand breaks to downstream cellular processes, such as activation of cell cycle checkpoints, DNA repair, and apoptosis by phosphorylating a series of substrates. Studies showed that AT cells were defective in the G1/S checkpoint activated after radiation damage and this defect was attributable to a defective P53 signal transduction pathway (Khanna et al., 1998) . Our results show that SHATM cells had a decrease in the fraction of G1 phase cells in comparison with control vector cells with the treatment of B(a)P. Deficiency of G1 phase arrest maybe results in not enough time for cells to repair DNA damage, and then genetic damage will be fixed with the process of cell division. At last, damaged cells exhibit the phenotype of genomic instability. According to this speculation, dysfunction of G1 phase in SHATM cells might explain the reason that SHATM cells had significantly increased CBMN frequencies treated by B(a)P, to a certain degree.
Under resting conditions, ATM protein is a functionally inactive dimer. Physical and chemical factors could induce rapid intermolecular autophosphorylation of serine 1981, which led to the dissociation of dimer and activation of ATM protein kinase. Tanaka et al. (2007) reported that an increased expression of ATM-1981p was induced by exposure to tobacco smoke and the total amount of ATM remained unchanged. Banin et al. (1998) observed that the protein kinase activity of ATM was significantly enhanced within minutes after treatment of cells with radiomimetic drug, but there was no alteration in the total amount of ATM protein. The results of Suzuki et al. (1999) showed that total ATM amount did not significantly change for up to 12 h after x-irradiation. In our experimental conditions, the total amount of ATM was not significantly changed in these two cell lines treated with B(a)P, which was consistent with other studies' results. However, it is required to detect the expression of phosphorylated ATM exposed to B(a)P in further study. Exposure of 16HBE cells and HEK cells to B(a)P led to H2AX phosphorylation in our study, suggesting that B(a)P could induce double-strand breaks in experimental cells. To investigate further whether ATM played a key role in H2AX phosphorylation with B(a)P treatment, ATM gene in experimental cells was silenced by specific siRNA. We observed an increased expression of rH2AX in 16HBE-SHATM cells and HEK-SHATM cells, which indicated that phosphorylation of H2AX was independent of ATM. Studies showed that three phosphatidylinositol 3-kinases such as ATM, ATR (ATM and Rad3 related), and DNA-PK (DNA-dependent protein kinase) could phosphorylate H2AX in a redundant and overlapping manner (Stiff et al., 2004 ). An et al. (2010) reported that an increased expression of rH2AX was induced by r-rays in the ATM-deficient cell line. H2AX was phosphorylated by ATR other than ATM in cells exposed to hydroxyurea or aphidicolin (Kurose et al., 2006) .
In conclusions, this is the first report to investigate the relationship between ATM gene polymorphisms and DRC among PAHs-exposed workers. Our findings show that polymorphisms in ATM might play significant roles in human sensitivity to the DRC among population occupationally exposed to PAHs. Additionally, this study confirmed that ATM played an important role in repair of chromosome damage and cell cycle control with the treatment of B(a)P. 
